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Available online 8 November 2014AbstractThe purpose of this study was to evaluate an MR arterial spin-labeling technique to characterize regions of hyper- and hypovascularity in virus-
associated rabbit VX2 tumors. Shope papillomavirus-associated VX2 carcinoma cells were implanted bilaterally in the thigh musculature of 17
New Zealand White rabbits. MR imaging sequences included a T2-weighted sequence and the arterial spin-labeling technique, flow-sensitive
alternating inversion recovery with an extra radiofrequency pulse (FAIRER). Areas of viable and non-viable tumor were estimated based on
the spin echo imaging sequences. Perfusion images were obtained from a magnitude subtraction of the labeled from the unlabeled images from
the FAIRER sequence. Region of interest (ROI) analysis was performed in muscle, viable tumor regions, and necrotic tumor regions. Mean ROI
signal intensities for viable tumor vs. muscle and necrotic tumor vs. muscle were compared using the student t-test. Spin echo imaging
demonstrated tumors in 30 of 34 thighs. Perfusion images were successfully obtained in all cases. Mean ROIs were significantly greater in regions
of viable tumor compared to those in muscle ( p < 0.001). Mean ROIs were significantly less in regions of necrotic tumor compared to those in
muscle ( p < 0.001). Virus-associated VX2 tumors serve a good model for evaluating arterial spin labeling technique. This technique may be
valuable in diagnosing hypervascular areas of tumors that would be amenable to preoperative embolization, such as intracranial meningiomas.
© 2014 Beijing You’an Hospital affiliated to Capital Medical University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Measurement of tissue perfusion provides important infor-
mation about tissue hemodynamics under normal and patho-
logical conditions. Organ viability and function can be depicted
by in vivo measurement of perfusion. Tissue perfusion imaging
can be performed with many techniques, including single
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able, suffer from low temporal and spatial resolution and
involve ionizing radiation. Magnetic resonance imaging (MRI)
allows high resolution imaging, and both anatomic and func-
tional assessments can be obtained during the same imaging
session. Recently, a significant amount of interest has been
shown in using MRI to measure tissue perfusion.
A number of MRI methods have been described for the
measurement of tissue perfusion. First-pass MR imaging after
injection of intravascular contrast agents [1e3] has been used
extensively. However, venous access and bolus injection de-
vices are necessary for the first-pass method. More recently,
arterial spin labeling techniques [4e14], such as EPISTAR
(Echo Planar Imaging and Signal Targeting with Alternating
Radiofrequency), FAIR (Flow-sensitive Alternating Inversion. Production and hosting by Elsevier B.V. This is an open access article under
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effort to measure tissue perfusion noninvasively.
The arterial spin-labeling technique has been applied in
measuring brain perfusion [15e18], cardiac perfusion [19], and
renal perfusion [20,21]. This technique has not been widely
applied to the study of vascular tumors. In many centers, pre-
operative embolization of intracranial meningiomas is per-
formed routinely to limit intraoperative blood loss and allow
optimal tumor resection. Meningiomas may be avascular in a
significant minority of cases, but the extent of tumor vascu-
larity usually is defined only at the time of the conventional
angiogram. A reliable, noninvasive perfusion technique would
allow more efficient preoperative evaluation of patients with
meningioma, since those patients with avascular tumors could
avoid the need for conventional angiography.
The purpose of this study was to evaluate the feasibility of
using an arterial spin-labeling technique, Flow-sensitive
Alternating Inversion Recovery with an Extra Radio-
frequency pulse (FAIRER), to identify hyper- and hypo-
vascular areas of tumor in an experimental rabbit model of
Shope papillomavirus-associated VX2 tumors.
2. Materials and methods2.1. Animal models and preparationAll animal procedureswere approved by theAnimalResearch
Committee at the institution. The Shope papillomavirus-
associated VX2 tumor is a malignant tumor found in New Zea-
land White rabbits, and has served as an established model of
vascular tumors in rabbits. Seventeen adult New Zealand White
rabbits (3e5 kg) bearingVX2 tumorswere included in this study.
The VX2 tumor was prepared according to previously reported
method [22,23]. Shope papillomavirus-associated VX2 carci-
noma cells were implanted bilaterally in the thighs of the rabbits.
MRI was performed 14e28 days following inoculation of tumor
cells. Tumor size at the time of imaging was typically 1e4 cm
diameter. Prior to the MRI examination, the rabbits were intra-
muscularly anesthetized with 6 mg/kg ketamine and 6 mg/kg
xylazine, and maintained under anesthesia with periodic intra-
venous injection of 0.6 mg/kg ketamine.2.2. MRI examinationAll rabbits were examined with a 1.5-T whole-body scanner
(MagnetomVision, Siemens, Iselin, NJ) at room temperature.An
extremity coil was used. All rabbits were scanned in the supine
position. After obtaining a scout image, T2-weighted images
(turbo spin echo sequence, TR/TE ¼ 4000/99, field of view
230 mm, slice thickness 8 mm, matrix 256  256, 1 average)
were obtained for tumor detection. The perfusion imaging slices
were chosen by reference to T2-weighted images.2.3. Perfusion imaging (FAIRER sequence)The details of the FAIRER technique have been described
elsewhere [12,24]. Briefly, a preparatory inversion pulse wasapplied, followed immediately by a selective 90 radio-
frequency pulse centered on the imaging plane, followed by
dephasing gradients. The control image was obtained using a
spatially selective inversion pulse, and the tag image using a
nonselective inversion pulse. Subtracting the tag image from
the control image produced the perfusion-weighted image. A
centric reordered TurboFLASH sequence was used. The
sequence parameters were: flip angle ¼ 12, TR/
TE ¼ 4.6 msec/2.0 msec, FOV ¼ 230 mm, slice thickness
8 mm, matrix 256  256, total scan duration 1 min 47 s per
slice. Ten acquisitions were averaged. The time delay, TD,
between image acquisition was 4s to allow magnetization re-
covery of the tissue and tagged blood. TD is the time between
the end of one image acquisition and the beginning of the next
tagging period. Three adjacent slices of tumor were scanned
with FAIRER sequence. A magnitude subtraction of the con-
trol from the tag images was performed on console.2.4. Data analysisWe had previously noted on histologic evaluation that most
tumors of greater than 3 cm diameter contained both viable
tumor, usually present along the periphery, as well as necrotic
areas, usually within the central aspect of the tumors (un-
published data). In many cases the perfusion image demon-
strated areas of increased signal peripherally, which we
denoted as “tumor” for analytic purposes. Conversely, in many
cases the perfusion image demonstrated areas of diminished
signal intensity centrally, which we denoted as “necrosis” for
analytic purposes. Identical slices of perfusion image and T2-
weighted image were compared. ROI analysis was performed
by selecting areas of muscle, tumor, and necrosis based on the
T2-weighted imaging sequence. The muscle region was either
selected in adductor magnus muscle or in vastus lateralis
muscle depending on the location without tumor involvement.
The ROIs were outlined using an interactive computer display.
Each ROI contained at least 10 pixels on perfusion image. The
carefully shaped ROI had an arbitrary, irregular contour to
match the shape of tumor, necrosis and muscle [3,25].
To compare perfusion in VX2 tumors, mean and standard
deviation of “tumor,” “necrosis,” and muscle were calculated.
Ratio of tumor/muscle and ratio of necrosis/muscle were also
calculated. Because some data were not applicable, the un-
paired student t-test was used for determining the significance
of difference between the means.
3. Results
Thirty of 34 thighs contained tumors visible on spin echo
imaging. Perfusion images were successfully obtained in both
thighs of all 17 rabbits. Examples are shown in Figs. 1 and 2.
The signal intensity changes in tumor and necrotic component
are shown in Tables 1 and 2.
The results of signal intensity (gray scale) measured in
muscle and viable tumor are shown in Table 1. The mean of
signal intensity in muscle was 5.0 ± 0.8. The means of signal
intensity in tumor were 11.7 ± 3.9 (left side) and 11.0 ± 3.1
Fig. 1. (a) Axial FAIRER and (b) axial T2-weighted images through the regions of tumor. The FAIRER image demonstrates heterogeneous signal throughout the
tumor, with areas of high signal on the FAIRER image corresponding to solid tumor areas on the T2-weighted image. Necrotic areas are shown as low signal on the
FAIRER sequence and high signal on the T2-weighted image.
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statistically significant ( p < 0.001 for both sides). In all cases
the calculated ratios of tumor/muscle were larger than 1,
ranging 1.2e5.1, indicating higher perfusion in tumor. There
was no significant difference between left-sided tumors and
right-sided tumors ( p ¼ 0.55).
Table 2 shows the results of signal intensity changes in
necrotic component. Seventeen of 30 tumors (57%) demon-
strated areas of necrotic tissue. The mean of signal intensity in
necrotic component was significantly less than that of muscle
( p < 0.001). All calculated ratios of necrosis/muscle were
smaller than 1.0.
4. Discussion
This study demonstrates that the FAIRER imaging tech-
nique reliably demonstrates areas of hyperperfusion in viable
areas of virus-associated VX2 tumors, while necrotic areas of
tumor are demonstrated as hypoperfused using the technique.Fig. 2. (a) Axial FAIRER and (b) axial T2-weighted images through the regions
sequence, corresponding to viable tumor regions on T2-weighted images.Virus-associated VX2 tumors serve a good model for evalu-
ating arterial spin labeling technique. The FAIRER technique
is rapid, simple to use, and does not require exogenous im-
aging agents. These results suggest that hypo- and hyper-
vascular tumors could be discriminated noninvasively,
obviating the need for conventional angiography in some cases
where preoperative embolization is being considered.
Since a method for measuring tissue perfusion using a
bolus injection of paramagnetic contrast agent was proposed
[1e3], this method has been extensively used in several areas,
including cerebral blood volume, cerebral blood flow,
myocardial perfusion, and perfusion of other organs [26e28].
More recently, arterial spin labeling technique was introduced
to measure tissue perfusion and there is increasing interest in
the use of this technique [4e21]. The attraction of arterial spin
labeling technique is that it requires no exogenous contrast
agent and it offers the possibility of measuring tissue perfusion
noninvasively. In addition, the arterial spin labeling technique
has the potential advantage of being independent of venousof tumor. Peripheral regions of the tumors show high signal on the FAIRER
Table 1
Perfusion signal intensity and perfusion ratios in rabbit thigh muscles and virus-associated VX2 tumors.
Rabbit no Muscle Left tumor Left ratio of tumor/muscle Right tumor Right ratio of tumor/muscle
1 6.2 9.9 1.6 9.9 1.6
2 3.7 5 1.35 4.4 1.19
3 6 10.4 1.73 10 1.67
4 5.2 8.2 1.58 10.6 2.04
5 5.4 15.6 2.89 11.5 2.13
6 6 7.6 1.27 13.6 2.27
7 4.5 14.6 3.24 12.6 2.80
8 5.7 na na 10.3 1.81
9 4.8 14.6 3.04 10.6 2.21
10 4.4 na na 17.6 4.00
11 4.2 11 2.61 15.2 3.62
12 4.3 10.8 2.51 8.8 2.05
13 4.8 6.2 1.29 8.6 1.79
14 6 15.6 2.6 12 2.00
15 5.2 13.4 2.58 9.5 1.83
16 3.7 18.7 5.05 na na
17 5.5 14.2 2.58 na na
Mean ± SD 5.04 ± 0.79 11.72 ± 3.93 2.39 ± 1.00 11.01 ± 3.06 2.20 ± 0.75
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ischemia study [18], comparisons of arterial spin labeling
technique with contrast-enhanced perfusion method had
shown that the two techniques gave comparable results.
Arterial spin labeling technique was as sensitive as contrast-
enhanced perfusion in detecting perfusion abnormalities in
cerebral ischemia in that study. But, we must point out that
contrast-enhanced methods are valuable to extract other pa-
rameters like vascular permeability, permeability-vessel wall
products. Contrast-enhanced methods are useful for the esti-
mation of kinetic parameters, such as: a) the volume transfer
constant K(trans) (min(1)); b) the volume of extracellular
space (EES) per unit volume of tissue v(e) (0 < v(e) < 1); and
c) the flux rate constant between EES and plasma k(ep)
(min(1)) [29].
Previous studies of arterial spin labeling technique have
focused mainly on theory approach and improvement of thisTable 2
Perfusion signal intensity and perfusion ratios in tumor necrosis.
Rabbit no. and tumor side Muscle Necrosis Ratio of necrosis/muscle
2, left 3.7 2.7 0.73
3, left 6 0 0
4, left 5.2 2.6 0.50
4, right 5.2 3.4 0.65
5, left 5.4 3.4 0.63
5, right 5.4 4.2 0.78
6, left 6 2.2 0.37
6, right 6 2.2 0.37
9, left 4.8 4 0.83
9, right 4.8 2 0.42
10, right 4.4 0.6 0.14
11, left 4.2 2.8 0.67
11, right 4.2 2.4 0.57
12, left 4.3 3 0.70
12, right 4.3 3 0.70
13, left 4.8 1 0.21
13, right 4.8 1.6 0.33
Mean ± SD 4.91 ± 0.7 2.54 ± 1.21 0.52 ± 0.24technique. Brain perfusion has been the subject of great
attention using this technique. Several applications of this
technique have been described in the literature, including
functional brain mapping, cerebral ischemia, and transplanted
rat kidney [21]. Although perfusion imaging could have many
potential clinical applications, arterial spin labeling technique
has not been widely applied to the perfusion study of tumors
for the purpose of identifying hypervascular areas that may
merit preoperative embolization. In our study, perfusion ex-
aminations were successfully performed in all of 17 rabbits
bearing hypervascular VX2 tumors. Whereas conventional
MR images provide morphological information on anatomical
changes, perfusion images provide hemodynamic information.
With perfusion images, viable tissue can be appreciated with
higher perfusion although high signal intensity was shown on
T2-weighted images. Different perfusion status is demon-
strated on perfusion image within the area with similar signal
intensity on T2-weighted images (Fig. 1). Based on T2-
weighted images only, it is not easy to surely identify necro-
sis and tumor, as high signal intensity area on T2-weighted
image could be necrosis, cyst, or tumor. But, hypo- and
hypervascular tumors could be discriminated easily and non-
invasively with perfusion technique, which is important for
preoperative decision.
The signal of spin labeling technique is composed mainly
of two components; one is from large arterial vascular
compartment, including arteries and arterioles, and the other is
from tissue/capillaries. Initially, the arterial compartment with
high flow velocities will be filled first, and thus, arterial
compartment will be displayed as very high signal intensity on
perfusion images. This phenomenon was also observed in our
study and could be helpful to identify a feeding artery or
arteries.
One drawback of spin labeling technique is the low S:N of
the subtraction of the labeled and control images. A large
number of image averages are required to generate perfusion
image with a usable S:N ratio. The quality of perfusion image
21R. Wu, D.F. Kallmes / Radiology of Infectious Diseases 1 (2014) 17e21appears inferior to that obtained with first-pass contrast
enhanced imaging. Another drawback of spin labeling tech-
nique used in this study is that it is not a multi-slice sequence.
In addition, one must consider the orientation of feeding
vessels and the location and orientation of the plane of section
when positioning the inversion region and choosing the time
of inversion [5]. Fortunately, improvements made by other
groups have overcome some of these drawbacks. Multi-slice
imaging of perfusion with good signal-to-noise ratio and
arbitrary angles between imaging and labeling planes is now
possible.
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